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AN INVESTIGATION OF A FOUR-BLADE SINGLE-RCOTATION PROPELLER
IN COMBINATION WITH AN NACA 1-SERIES D-TYPE
COWLING AT MACH NUMBERS UP TO 0.83

By Robert M. Reynolds, Robert I. Sammonds,
and George C. Kenyon

SUMMARY

An investigation has been made of a four-blede single-rotation
propeller in combination with an NACA l-~series D-type spinner-cowling
combination at Mach numbers up to 0.83. Characteristics of the propel-
ler operating in the presence of the cowling are compared wlth the
charscteristics of the propelier with the spinner. Pressure distribu-
tions on the surfaces of the cowling with the propeller coperating are
compared with the pressure distributions on the cowling with the pro-
peller removed. The data were obtained at a Reynolds number of 1.5 mil-
lion per foot based on the wind-tunnel datum velocity.

Variation of cowling inlet-velocity ratio and change in type of
propeller-spinner juncture (ideal and platform) had no significant
effects on the characteristics of the propeller operating in the pres-
ence of the cowling. The meximum apparent efficiency of the propeller
with the spinner-cowling combination was higher, at all Mach nwmbers,
than the efficiency of the propeller with the spinner.

With the propeller removed, the static-pressure distributions on
the surfaces of the cowling were affected by compressibility and inlet-
velocity ratio in a manner typical for the l-series profile. TFor the
design inlet-velocity ratio, the measured critical Mach number 0.79 was
somewhat higher than the predicted critical Mach number.

Operation of the propeller resulted in more positive pressure
coefficients on the external surface of the cowling, as compared with
the distributions obtained with the propeller removed, at all inlet-
velocity ratios and Mach numbers. The pressure distributions were
unaffected, at least for the inlet~velocity ratios of these tests, by
the change from ideal to platform propellier-spinner Jjunctures.
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INTRODUCTION .

Current interest in the turbine-propeller type of power plant for -
moderately high-speed long-range airplanes has led to a need for data
concerning the high-speed characteristics of propeller-spinner-cowling
combinations sultable for use with large turbine engines. To provide
data useful for design purposes, an investigation was undertaken in the
Ames 12-foot pressure wind tunnel to determine the characteristics of a
representative propeller-spinner-cowling combination, employing the
NACA 4-(5)(05)-041 four-blade single-rotation propeller with the
NACA 1-46.5-047 l-series spilnner and the NACA 1-62.8-070 cowling. One _
phase of the investigation, the determination of the characteristics of R
the propeller-spinner combination in the absence of the cowling, has
been reported in reference 1. A second phase of the investigatlion, the
effects of propeller operation and propeller-gpinner Juncture on the
pressure-recovery characteristics of the propellet-spinner-cowling
combination, has been reported in reference 2.

Presented herein are the force-test results for the propeller
operating in the presence of the spimner-cowling combination, obtalned
concurrently with the data presented in reference 2, A comparison is a
made of the results cbtained wilth the propeller operating in the pres-
ence of the cowling with the results presented in reference 1. The
static pressures measured on the surfaces of the cowling, with the -
propeller removed and with the propeller operating, are included.

The tests were made with the propeller-spinner-cowling combination
at an angle of attack of 0° for propeller blade angles from 40° to 60°,
for inlet-velocity ratios from 0.26 to 1.33, and at Mach numbers
fram 0.20 to 0.83. The Reynolds number was constant at 1.5 million per
foot throughout the tests,

SYMBOLS -

& speed of sound, ft/sec
b blade width, ft o
e blade section design 1ift coefficient

la

Pg

c apparent propeller power coefficient, e

Pg, PP prop P ’ DnSZDs
C apparent propeller thrust coefficient s "

e
Ta * pnoD

S
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propeller diameter, ft

blade width ratio

maximum thicknessg of blade section, ft

blade thickness ratlo

advance-dlameter ratio, E%

critical Mach number, the free-stream Mach number at which sonic
22$ECity is first attained on the external surface of the

datum Mach number, %

2
tip Mach number, Mg ./1 +-<E%)

propelier rotational speed, rps
bP-Po

pressure coefficient,
apparent power applied to propeller, ft-Ib/sec

critical pressure coefficlent, corresponding to local Mach
number of 1.0

static pressure, 1b/sq ft

dynsmic pressure, ng; 1b/sq ft

propeller tip radius, Tt

blaede-section radius, ft

apparent thrust of the propeller-spinner combination in the

presence of the cowling, corrected for the drag of the
spinmer (also in the presence of the cowling), 1b

Tg

PVAD2

apparent propeller thrust coefficient,

drag of the spilnner expressed as thrust

T
spinner thrust coefficient, 82
pVED

L
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datum velocity (wind-tunnel air-stream velocity corrected for
s0lid blockage of cowling but uncorrected for wind-tunnel-wall
constraint on the propeller slipstream), ft/sec

equivalent free-air velocity (datum velocity corrected for

wi7d—tunne1—wall constraint on the propeller slipstream),
t/sec :

inlet-veloecity ratio

total length along the longitudinal exis of any component of the
model, such as the cowl, spinnér, or inmer lip, 1In.

distance along the longitudinal axils from any reference, such as
the leading edge of the cowl, spinner, or inner lip, in.

propeller blade angle at 0.75R, deg

design propeller section blade angle, deg

TaVo Crg
apparent propeller efficiency, T or o J
a P,

&
mess density of alr, slugs/cu £t

Subsgcripta

free stream

location of rake in cowling inlet.
cowling

cowling inner 1ip

maximum -

APPARATUS AND TESTS

A photograph of the propeller-spinner-cowling model on the 1000~

horsepower propeller dynamometer is shown in figure 1. A sketch of the
general arrangement of the model is preseﬁted in figure 2. The design
criteris for the propeller, resulting in the blade-form curves shown
in figure 3, are given in reference 1. A complete description of the
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dynamometer, including typical results of calibrations of the thrust
gages and torquemeter, is also given in reference 1. The design infor-
mation and coordinates for the spinner-cowling cambination are given in
reference 2. The ideal and platform propeller-spinner Junctures, shown
in figures 4 and 5, are also described in reference 2.

The cowling model contained 28 flush static-pressure orifices
located with respect to the leading edge of the cowl as listed below:

External surface, Inner-1ip

in. surface, in.
0 0.59 }1.96 }15.88 { 10.80 0.10
JA0 | .78 |2.45 |6.86 [ 11.80 .20
.20 | .98 [2.9% 17.84 J12.80 .29
.29 |1.18 {3.92 }8.82 | 13.80 <39
.39 {1.57 |+.90 }{9.80 | 1k.80 ———

The gtatic- and total-pressure rakes used to measure the flow charac-
teristics in the inlet are described In reference 2.

Tepts were made of the spinner-cowling combination with the
propeller removed and with the propeller installed. With the propeller
removed, static pressures on the external and inner-lip surfaces of the
cowl were measured concurrently with the pressure-recovery surveys
reported in reference 2. These tests, made at inlet-velceity ratios
ranging from 0.26 to 1.33 and for Mach mumbers from 0.20 to 0.83, were
repeated with the spinner-cowling combinastion located 2 feet upstream
of its normal position on the dynamometer, as shown in figure 6. With
the propeller installed, measurements of the propeller thrust, torque,
and rotational speed, and static pressures on.the external and lnner-
1ip surfaces of the cowl were made concurrently with the pressure-
recovery surveye reported in reference 2. These tests were made at the
conditions tabulated below:
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Datum Tfiopeller blade jJuncture |Inlet-velocity Advance~
Mach nunmber, angle, deg, type ratio, diameter ratio,

Mg B Vi/V J

0.83 60 Ideal 0.31 to 1.00 | 3.15 to 4.15
.79 60 .31 to 1.02 | 3.1% to 4.30
.69 60 .31 to 1.10 | 3.06 to 4.36
.59 60 A2 to 1.27 | 2.93 to 4.50
.59 50 .39 to 1.29 | 2.44 to 2.95
.39 50 .39 to 1.28 | 2.00 to 3.05
.39 ko .37 to 1.26 | 1.67 to 2.10
.30 4o .36 to 1.26 | 1.50 to 2.12
.20 Lo \ 4 .37 to 1.2% | 1.30 to 2.10
.83 60 Platform .30 to .84% | 3.13 to k.16
.79 60 .27 to .80 | 3.15 to hk.2h
.69 60 .30 to .83 | 3.0k to L.h2
.59 60 .32 to .81 | 2.95 to 4.kk
.59 50 .37 to 1.27 ] 2.36 to 2.96
.39 50 .39 to 1.27 | 2.06 to 3.00
.39 IiTo} .38 to 1.28 | 1.68 to 2.10
.30 4o .35 to 1.26 | 1.50 to 2.15
.20 Lo \L b0 to 1.2% §1.30 to 2.10

The range of operation of the propeller was limited by the same factors
discussed in reference 1. : .

All tests were conducted with the model at an angle of attack of o°
and at a Reynolds number of 1.5 million per foot, based on the datum
velocity. '

REDUCTION OF DATA

Datum Mach Number and Velocity

The datum Mach number was taken as the average Mach number over the
propeller disc area (propeller and cowling removed, and extended cylin-
dricel spinner installed), as determined from the air-stream-velocity
spurveys reported in reference 1. For the tests reported herein, the
datum Mach number (and the corresponding dynamic pressure) was corrected
for the solid-blockage effects of the cowling. The magnitude of these
solid-blockage corrections, estimated by the method of reference 3, was
less than 1 percent of the upcorrected Mach number (or uncorrected
dynamic pressure)}. The datum Mach number wag not corrected for the

&
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wind-tunnel-wall constraint on the propeller slipstream. The free-air
Mzch number can be obtained by applylng the tunnel-wall correctlons
(fig. 7) to the datum Mach number. At Mach numbers above 0.59, the
correction amounts to less than 1 percent. In the exact use of the
data, however, the datum Mach number. should be corrected to the free-
air Mach number wherever emall changes in Mach number produce large
changes in the results.

The air-stream velocity (and, consequently, the propelier advance-
diameter ratio and efficiency) was corrected for the effects of both
solid blockage due to the cowling and the wind-tunnel-wall constraint
on the propeller slipstream. The ratio of the free-air velocity to the
datum veloclty, computed by the method of reference 4, is shown in
figure T. This velocity ratio is the same ratio used in reference 1.

Propeller Thrust and Torque

The propeller thrust as used hereln is the algebraic difference
between the resultant longitudinal force on the propeller-spinner
combination operating in the presence of the cowling and the resultant
longitudinal force acting on the spinner (in the presence of the
cowling) at the same datum Mach number, Reynolds number, and inlet-
velocity ratio.

The longitudinal force on the splnner and the thrust forces due to
pressures acting between the floating and fixed members of the dyna-
mometer were measured and treated in the same manner as reported in
reference 1. It may be noted here that the resultant longitudinal force
acting on the spinner in the presence of the cowling (both with and
wilthout the propeller) was adjusted for computational purposes to
correspond to a spinner base pressure equal to the static pressure of
the free stream. This procedure, the same as employed for the data of
reference 1, determined the magnitude of the spinner drag but had no
infiuence on the propeller thrust. The longltudinal force on the
spinner in the presence of the cowling, with the spinner base pressure
equal to the free-stream statlc pressure, varied between 3.7 and 31.3
pounds, depending on datum Mach number and inlet-velocity ratio. These
forces, reduced to thrust-coefficient form for computational purposes,
are shown in figure 8.

The propeller torque was cbtained in the same menner as reported

in reference 1, using the same variation of the torquemeter calibration
constant with rotational speed.
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Cowling Pressure Disgtribdbutions

The results of surveys made to determine the local stream Mach
nmmbers in the vicinity of the dynamometer, without the cowling
instelled, were reported In reference 1. These data indicated the
presence (at radii up to 30 inches from the dynamometer center line)
of adverse longltudinal pressure gradients in the region where the
cowling was to be located. It was noted in reference 1 that calcula-
tions had shown these gradients to be due to the presence of the dyna-
mometer body downstream of the propeller station. It was realized that
the flow measured during these surveys would be altered by the 1lntro-
duction of the cowling, and it was antlicipated that the dynamometer
body aft of the cowling might also affect the flow in the vieinity of
the cowl. In order to determine the magnitude of thils effect, tesis
were made with the spinner-cowling combination locsted 2 feet upstream
of its normal position on the dynamometer, as shown in figure 6.

Typical differences {AP) between the pressure coefficients measured on
the external surface of the cowling with the cowling in its normel
position (fig. 9(a)) and in the Fforward position (fig. 9(b)) ere shown

in figure 9(c). For all subsequent tests of the spinner-cowling combi-
nation, both with the propeller removed and with the propeller operating,
presgsures on the cowling were corrected by the amount of these Increments.

Accuracy of Results

As in reference 1, analysis of the accuracy of the separate
measurements of thrust, torque, and air-stream velocity indicates that
errors in the propeller efficiencies reported herein are probably less
than 2 percent, but could be as large as 4 percent if a maximum error
in the indicated torque is sssumed &s a pogsibility from the torque-
meter calibration data.

RESULTS AND DISCUSSION

Propeller Characteristics

The characteristies of the propeller operating in the presence of
the spinner-cowling combination are shown in figures 10 and 11 for the
ideal and for the platform propeller-spinner Junctures, respectively.
These data are presented as apparent values, in accord with the dis-
cussion in reference 5, since the thrust and torque were measured for
the propeller while operating 1ln the presence of the cowling, and no
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allowance was made for the increase in drag of the cowling and dyna-
mometer parts within the influence of the propeller slipstream.

Typical effects of cowling inlet-velocity ratio on the charac-
teristies of the propeller are shown in figures 12 and 13. While the
measured thrust coefficients and meximum efficiency generally inc¢reased
with increasing inlet-velocity ratio (for constant advance-diameter
ratio), the changes do not appear to be particularly significant in
view of the stated accuracy of the results and the scatter in the
Mmex Values evident in figures 10 and 11.

As shown in figures 12 and 13, there was little difference between
the characteristics of the propeller with ideal and platform Junctures.
This would be expected in view of the fact that the portion of the
blade devoted to the Junctures constitutes such a small fraction of
the disc area and is designed to operate at near-zero thrust loadings.

Figure 14 presents a comparison of the maximm apparent efficiency
of the propellier operating in the presence of the splnner-cowling
combination with the maximum efficiency (from ref. 1) of the propeller
in combination with the spinner. The maximum epparent efficiency of
the propeller with the gpinner-cowling combinstiopn was higher, et all
test Mach numbers, than the efficiency of the propeller in combination
with the spinner. At datum Mach numbers of 0.20 (B,40°) and 0.83 (B,60°),
the maximum apparent efficlency of the propeller with the spinner-cowling
combination was about 0.91 and 0.75, respectively, as compared to maxi-~
mum efficiencies of sbout 0.86 and 0.55, respectively, for the propeller
in combination with the spinner. This trend would be expected, con-
8idering the reduction in alir-stream velocities in the region of the
propeller resulting from the interference effects of the cowling. At
a given free-gtream Mach number and rotational speed, this reduction in
velocity results in an increase of both propeller thrust and torque.
Since the useful work done by the propellier is defined as the product
of the thrust and the free-stream velocity, the apparent efficiency of
the propeller will be increased when it is operating 1n the region of
reduced velocity ahead of the cowl. That the apparent efficiency of a
propelier operating in the presence of a body will be greater than the
efficiency of the 1soclated propeller (for equal advance-diameter ratios)
has long been recognized, and the reasons noted for this behavior have
been discussed in many works, such as references 5 and 6.

A word of csution is in order regarding indiscriminate use of the
gpinner thrust coefficients presented in figure 8 in calculating the
thrust and efficiency of the propelier-spinner combination in the
presence of the cowling. The method used in treating the spinner-drag
term was dictated by the dynsmometer configuration, which, becasuse of
the pressure-seal arrangement (ref. 1), required that some reference
pressure be assumed to act on the base of the spinner in order to obtain
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a value for the spinner-drag tare. The choice of any particular refer- *
ence pressure would have served equally well as far as the propeller
thrust was concerned since, in applying the spinner-drag correction to
the apparent thrust, the reference pressure appears in both terms but
of opposite sign and, hence, is eliminsted. TFree-stream static pressure
was assumed ag the splnner base pressure primarily for computational
convenience. However, 1t should be siressed that any efficienciles
ccmputed for the propeller-spinner combination, with the spinner base
pressure asgumed to be equal to the free-stream static pressure, would
be purely flcticious and of no practicel significance for an actual
alrplane installstion.

It may be mentioned that, even though the propeller thrust has been T
corrected for the drag of the spinner, the interference effects of the
spinner on the characteristics of the propeller in combination with the
spinner and cowling have not been eliminated from these data.

Spinner~Cowling Characterlastics

Spinner-cowling combination with propeliler removed.- The effects -
of compressibllity and varlation of inlet-velocity ratioc on the statlc-
pressure distributions on the external and inner-1ip surfacese of the
cowling with the propeller removed are shown In figures 15 to 19.

These data show the same general characteristics as reported for other
inlets employing the l-series coordinates, references T to 9 for

example.

The effect of inlet-velocity ratio on the critical Mach number of
the spinner-cowling combination is shown in figure 20. At the design
inlet-velocity ratio of 0.42, the measured critical Mach number 0.79
wes somewhat higher than the predicted critical Msch number 0.75 (ref. T}.

Spinner-~cowling combination with propeller operating.- For the pro-
peller with 1deal and platform junctures, the effects of compressibility
and variation of inlet-velocity ratio on the static-pressure distribu-
tions on the externsal and inner-lip surfaces of the cowling with the
propeller operating are shown in figures 21 to 26. Agein, these data
show characteristics typical for the l-series profile. Study of these
figures and additiocnal cross plots of the pressure distributions as a
function of inlet-velocity ratio indicates that operation of the pro-
peller resulted in more poeitive pressure coefficients on the external
surface of the cowling at all inlet-velocity ratios and Mach numbers,
a8 compared with the distributions cbtalned with the propeller removed.
The pressure distributions were unaffected, et least for the inlet-
velocity ratios of these tests, by the change from ideal to platform
- propeller-spinner Jjunctures.

n—

L
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Apparent Efficilency With Allowance for the Increase in Pressure
Drag of the Cowling Due to Operation of the Propeller

In the discussion of propeller-body interference in references 5
and 6, it is noted that when a propeller 1s located such that its oper-
ation causes an increase in the drag of a body behind it, the thrust
available for propulsion is not simply the apparent thrust of the
propeller in the presence of the body, but rather this spparent thrust
less the increase in drag of the body due to operation of the propeller.
In the tests reported herein it was not possible to determine the
increase in drag of the dynamometer and cowling parts within the
influence of the propeller slipstream, except for one term, namely,
the increase in pressure drag of the cowling. In order to gain some
idea as to the magnitude of this term and its influence on the apparent
efficiency of the propeller, integrations of the pressure distributions
over the cowling surface were made for the cowling with the propeller
removed (Mg, 0.79) and with the propeller operating (B8, 60°; My, 0.79;
J, 3.60). Pressure-drag coefficients were calculated from the relation-

ship
(7.000)
Cp = zf f P dar?®
1k s (4.320)2

wvhere S 1is the maximum frontal area (sq ft) of the cowling. The
difference between the pressure drag of the cowling, propeller removed,
and the pressure drag of the cowling, propeller operating, was obtained
as

= g~S -
4D 9o < chropeller chropel_'Ler )
operating removed

where the cowling pressure-drag coefficients, propeller removed, corre-
sponded to the Mach number and inlet-velocity raetios for the cowling
with the propeller operating. The difference in cowling pressure drag
wes then subtracted from the measured apparent propeller thrust, and
the apparent efficiency of the propeller was recomputed as H(Ta’AD)max.

Results of these calculations, for a range of inlet-veloecity ratios at
approximately design Mach number and blade angle, are shown in figure 27.
For this particular Mach number and blade angle, the difference in the
two efficiencies was about 0.05.
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CONCLUSIONS

An investigation of an NACA 4-(5)(05)-0kl four-blade single-
rotation propeller in combination with an NACA 1-46.5- -O47 spinner and
an NACA 1-62.8-070 D=type cowling at Mach numbers up to 0.83 indicated
the following results:

1. Variation of cowling inlet-velocity ratio and change in
propeller-spinner junctures had no significant effects on the charac-
teristics of the propeller operating in the presence of the cowling.

2. The meximum apparent efficlency of the propeller with the
spinner-cowling combination was higher, at all test Mach numbers, than
the efficiency of the propeller with the spinner. At Mach numbers
of 0.20 and 0.83, the maximum epparent efficlency of the propeller
with the spinner-cowling combination was about 0.91 and 0.75, respec-
tively, es compared to maximum efficiencies of about 0.86 and 0.55,
respectively, for the propeller with the spinner,

3. Tor the range of inlet-velocity ratios, at a Mach number
of 0.79, there was a difference of sbout 0.05 between the meximum
epparent efficiency of the propeller based on the apparent propeller
thrust and the efficiency based on the spparent thrust less the
increase in pressure dreg of the cowling due to operation of the
propeller.

L, With the propeller removed, the static~pressure distributions
on the surfaces of the cowling were affected by compressibility and
varietion of inlet-veloclity ratio in & menner typlcal for the l-serles
profile. At the design inlet-velocity ratio of O. 42, the measured
eritical Mach number 0.79 was somewhat higher than the predicted
critical Mach number 0.75.

5., Operation of the propeller resulted in more positive pressure
coefficlents on the external surfaces of the cowling, as compared with
the distributions obtained with the propeller removed, at all inlet-
velocity ratios and Mach numbers.

6. The pressure distributions were unaffected, at least for the
inlet-velocity ratios of these tests, by the change from ideal to
platform propeller-spinner junctures.

Ames Aeronautical Laboratory
Netional Advisory Committee for Aeronautics
Moffett Field, Calif.

e
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Figure 1.- The model mounted on the 1000-horsepower propeller dynamometer

in the 12-foot pressure wind tunnel.

NACA 4-(5)(05)-04/ propeller
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Figure 2.- Model arrangement.
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- Figure 5.- Platform propeller-spinner juncture; 8, 50°.
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Figure 6.- The spinner-cowling combination mounted on a
1h-inch-diameter, 2-foot-long extension of the
dynamometer.
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Figure 23:- The effect of infet inef -velocity ratio on the minimum préssuré coefficient on 1he externol
of the NAGA j]-628-070 cowling with the propeller operaling , ideol junchure.
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Figure 24.-The effect of inlet-velocily ratio on the minimum pressure
coefficient on the inner lijp of the NACA [-62.8-070 cowling
with the propeller operating.
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(b) Platform juncture.
Figure 24 - Ca(lc/uded.
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Q. ——— Propeller removed
- —6 - Propeller operating, near-zero thrust , ideal juncture
E —= Propeller operating, near—maximum thrust, ideal juncture
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Figure 25.~The effeci of Mach number on the minimum pressure coefficient on the exfernal

surface of the NACA [-628-070 cowling. Y7V ,08.
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Q Propeller removed
. PP——t—]-—-—--- Propeller operating, ideal juncture
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Figure 26— Effect of Mach number on the minimum pressure coefficient on lhe
inner lip of the NACA |-62.8-070 cowling. W/V , 0.80.
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Figure 27— Comparison of the efficiency of the propeller based on the apparent rthrust
ond the efficiency based on the difference beiween the apparent fhrust and the
increase in pressure drag of the cowling due lo operation of the propeller.

M,;,079; B, 60°; ideal juncture.
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